Structure of CcmG/DsbE at 1.14 Å Resolution High-Fidelity Reducing Activity in an Indiscriminately Oxidizing Environment by Edeling, Melissa A et al.
Structure, Vol. 10, 973–979, July, 2002, 2002 Elsevier Science Ltd. All rights reserved. PII S0969-2126(02)00794-3
Structure of CcmG/DsbE at 1.14 A˚ Resolution:
High-Fidelity Reducing Activity in an
Indiscriminately Oxidizing Environment
underscored by the number of TRX-like oxidoreduc-
tases found there. DsbA and DsbB are protein oxidants
that sequentially transfer their disulfide bonds to peri-
plasmic target proteins [3]. DsbC and DsbG are protein
disulfide isomerases that shuffle incorrectly formed di-
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Amid the highly oxidizing environment of the peri-Institute for Molecular Bioscience
2 Department of Biochemistry and Molecular plasm, there is also a need for selected protein cysteines
to be kept in a reduced form. Assembly of c-type cyto-Biology
School of Molecular and Microbial Science chromes, required for respiratory and/or photosynthetic
electron transport chains, is a case in point. CytochromeThe University of Queensland
Brisbane QLD 4072 c maturation requires ligation of heme to reduced thiols
of the Cys-X-X-Cys-His motif of the apocytochrome [6].Australia
3 Institute of Microbiology In bacteria, the ligation step occurs in the periplasm
where the DsbAB system catalyzes indiscriminate disul-ETH Zu¨rich
Schmelzbergstrasse 7 fide bond formation. Bacteria have evolved a specialized
periplasmic redox system to revert disulfide bond for-CH-8092 Zu¨rich
Switzerland mation of apocytochrome c cysteines (Figure 1). This
system includes DsbD, DsbE (CcmG), and CcmH. DsbD
is a membrane protein that transfers reduction equiva-
lents from cytoplasmic TRX to disulfides of various per-Summary
iplasmic target proteins [7]. DsbE, which is reduced by
DsbD [8], is a membrane-anchored TRX-like redox pro-CcmG is unlike other periplasmic thioredoxin (TRX)-
like proteins in that it has a specific reducing activity tein [9]. Unlike most TRX-like oxidoreductases, DsbE
does not act as a general protein reductant; it is inactivein an oxidizing environment and a high fidelity of inter-
action. These two unusual properties are required for in the classic insulin reduction assay [10]. Instead, its
highly specialized reductase activity is restricted to theits role in c-type cytochrome maturation. The crystal
structure of CcmG reveals a modified TRX fold with pathway of cytochrome c maturation (Ccm), and it is
therefore also known as CcmG. CcmG selectively do-an unusually acidic active site and a groove formed
from two inserts in the fold. Deletion of one of the nates electrons to apocytochrome c cysteines via
CcmH, another periplasmic cytochrome c maturationgroove-forming inserts disrupts c-type cytochrome for-
mation. Two unique structural features of CcmG—an factor with a redox-active Cys-X-X-Cys motif [11]. This
suggests that CcmG is able to recognize and selectivelyacidic active site and an adjacent groove—appear to
be necessary to convert an indiscriminately binding interact with its binding partners DsbD and CcmH. Here,
we present the high-resolution crystal structure of thescaffold, the TRX fold, into a highly specific redox
protein. CcmG homolog from Bradyrhizobium japonicum, which
provides a basis for understanding its specific reductant
activity in a highly oxidizing environment.Introduction
Cellular redox control is crucial for the folding and func- Results
tion of many proteins. Consequently, cells produce
numerous oxidoreductases to control the redox environ- The crystal structure of soluble CcmG corresponding
ment of subcellular compartments. The widely distrib- to residues 39–194 was solved by MAD methods and
uted family of TRX-like proteins figures prominently in refined to a resolution of 1.14 A˚ (Table 1). The very
these processes [1]. These proteins incorporate a con- high resolution of the diffraction data enabled hydrogen
served Cys-X-X-Cys active site motif that donates dithiol atoms to be included in the final refined model (R factor
or disulfide character to cysteines in target proteins. 11.8%, R free 15.1%). The CcmG fold (Figure 2) is a
The archetype of the family, TRX, is localized to the single / domain incorporating a TRX fold [12], charac-
reducing environment of the cytoplasm and prevents terized by a  motif linked by an  helix (C) to a 
formation of disulfides in other proteins by keeping cys- motif, thereby forming a mixed four-stranded  sheet
teines in the dithiol form [2]. In contrast, the bacterial surrounded by three  helices. In CcmG, the C-terminal
periplasm is an oxidizing environment where cysteines helix of the TRX fold is unwound at Pro187 to form a 
of secreted proteins are oxidized to disulfides in a con- helical turn (Figure 2). This variation is not found in other
trolled way to ensure correct folding and function. The TRX-like proteins, but is likely to be present in CcmG
critical importance of redox control in the periplasm is homologs since Pro187 is highly conserved (Figure 3).
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Figure 1. CcmG Has a Specific Role in the
Reduction of Apocytochrome c (Apo-Cyt c)
Electrons are proposed to flow from cyto-
plasmic TRX to DsbD and then to CcmG. Re-
duced CcmG then selectively transfers its
electrons to CcmH, which in turn reduces
Apo-Cyt c so that heme attachment can
occur.
Unusually Acidic Active Site cate that the region around the disulfide active site of
CcmG is unusually acidic for a TRX-like oxidoreductaseAs in all redox TRX-like proteins, CcmG has a Cys-X-
X-Cys motif located at the N terminus of the first helix and that this peculiarity is conserved amongst CcmG
homologs.in the TRX fold (Figure 2). However, the active site of
CcmG is unusual in that the region immediately sur-
rounding it is negatively charged (Figure 4). This is due TRX Fold Insertions
The TRX fold of CcmG is formed from two discreteto two exposed acidic residues, Asp97 and Glu158, and
a partly buried acidic residue, Glu98. Glu98 and Glu158 regions of sequence. Residues 83–119 form the 
motif and residues 145–194 form the connecting helixare conserved in all eight CcmGs (Figure 3), but Asp97
is acidic in only three of eight CcmGs. However, in those and  motif. A 24 residue insertion in the TRX fold,
residues 120–144, follows after the  motif, addingproteins where Asp97 is not conserved, another acidic
residue is usually found nearby on a surface-exposed an extra  helix (B) and an additional strand (3) to the
core fold (Figures 2 and 3). The fold is also embellishedposition. For example, Pro175 and Thr177 are close to
Asp97 and surface exposed in the CcmG structure, and at the N terminus. Residues 50–82 precede the core
TRX fold and form a well-ordered backbone structurethese are each replaced by aspartates in two of the
eight CcmGs where Asp97 is not conserved. In contrast, reminiscent of a  hairpin, but stabilized by proline resi-
dues that preclude backbone hydrogen bonds.the two conserved acidic residues of CcmG (Glu98 and
Glu158) are generally not conserved in other TRX-like Strikingly, although the N-terminal and central inser-
tions in the TRX fold of CcmG are contributed fromproteins (Figure 3), and the active site regions of other
TRX-like proteins are generally uncharged and hy- distinct regions of the sequence (Figure 3), they both
map to the same region of the protein fold (Figure 2),drophobic (Figure 4) [13–15]. These observations indi-
Table 1. Data Collection and Refinement Statistics
Data collection
Wavelength (A˚) 0.9795 0.9792 0.9611 1.08
Resolution range (A˚) 20–2.10 20–2.10 20–2.10 20–1.14
Space group P212121 P212121 P212121 P212121
Unit cell (A˚) 34.7,47.4,88.8 34.7,47.5,88.7 34.7,47.4,88.7 35.1,48.2,90.2
Temperature (K) 100 100 100 277
Unique reflections [I  0(I)] 8 232 8 255 8 216 50 056
Rmergea,b (%) 4.5 (9.1) 5.1 (7.9) 3.8 (5.8) 6.2 (29.1)
Completenessb (%) 91.0 (91.7) 91.0 (91.1) 90.9 (92.0) 88.4 (80.3)
I/(I)b 29.1 (24.2) 28.5 (24.2) 29.9 (26.2) 12.0 (2.6)
Phasing statistics
Resolution (A˚) 20–2.10
Mean figure of merit 0.74
Refinement statistics
Number of reflections in working set/test set 45005/5037
Rfacc/Rfreed (%) 11.8/15.1
Number of non-H atoms/H atoms 1259/1103
Number of residues/waters 144/154
Rms deviation from ideal geometry:
Bond lengths/bond angles (A˚) 0.014/0.030
Ramachandran plot:
Most favored/additional/disallowed regions (%) 94.7/5.3/0.0
Average B factor:
Residues/waters/all atoms (A˚2) 19.4/43.3/22.4
aRmerge  |I 	 I|/I, where I is the intensity of each individual reflection.
bNumbers in parenthesis refer to the highest resolution shell, 2.1–2.10 A˚ for 
  0.9795, 0.9792, and 0.9611 A˚ and 1.18–1.14 A˚ for 
  1.08 A˚.
cRfac  h|Fo 	 Fc|/h|Fo|, where Fo and Fc are the observed and calculated structure-factor amplitudes for each reflection, h, respectively.
dRfree is calculated as for Rfac from 10% of the data excluded from refinement.
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Figure 2. Three-Dimensional Structure of
CcmG
(A) Stereo view of of the C trace of CcmG,
with every tenth residue labeled.
(B) CcmG with secondary structural elements
labeled. E. coli TRX [34] is shown for compari-
son. The active site disulfide is shown in
green. Regions representing insertions in the
TRX fold in CcmG are shown in pink. The
dashed line indicates the deletion mutant (see
text).
(C) Stereo view of the final 2Fo-Fc electron
density map of the active site region con-
toured at 1.55 . This figure was generated
using MOLSCRIPT [35], Raster3D [36], and
Setor [37].
forming a groove (Figure 4). The B helix of the central mutant is provided by absorption difference spectra of
insert is located adjacent to the conserved Cys-X-X- periplasmic fractions. Cells expressing CcmG107–129 lack
Cys active site (Figure 2), and residues in the central signals for c-type cytochromes in the range of 550 nm,
insert are highly conserved in the eight CcmG homologs although these are typically found in the presence of
(Figure 3), suggesting that it is functionally important. wild-type CcmG or CcmG-H6, and at low levels in the
C83S mutant (Figure 5D).
The Central Insert Is Required for Cytochrome
c Formation
Fingerprint RegionTo test the hypothesis that the central insert is required
Sequence alignment of CcmG homologs identified thefor function, we deleted residues 107–129 from His-
motif 152GVXGXPE158 as a fingerprint for CcmG homologstagged E. coli CcmG (corresponding to residues 120–
[16]. The structure of CcmG shows that this motif forms142 in B. japonicum CcmG) to produce the mutant
a loop between helix C and strand 4 very near theCcmG107–129. Based on the B. japonicum CcmG struc-
Cys-X-X-Cys active site. Pro157 of the motif is the highlyture, this construct would replace the insert with a direct
conserved cis-proline found in TRX-like oxidoreduc-connection between strand 2 and the connecting helix
tases. The cis conformation exposes the main chainC, as occurs in a classic TRX fold (Figure 2). CcmG107–129
oxygen of the preceding residue for interaction withis unable to complement cytochrome c550 formation to
other proteins [13, 17]. Glu158 of the motif contributeswild-type (CcmG and CcmG-H6) levels in accmG back-
to the unusually acidic active site of CcmG, and residuesground (Figure 5A), even though Western blot analysis
154–157 overlay structurally with residues in TRX thatshows the deletion mutant to produce stable polypep-
interact with substrate [13]. Therefore, it seems likelytide (Figure 5B). The effect on function of the CcmG
that this region of the TRX fold provides an interactiondeletion mutant is even more drastic than that of the
template that is modified in individual members of theactive site mutant C83S (Figures 5A and 5C) [9]. Further
evidence for the lack of function for the CcmG deletion family to achieve functional specificity.
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Figure 3. Multiple Sequence Alignment of CcmG Homologs and TlpA and TRX
Sequences are from the Swissprot database. Abbreviations: Bjap, Bradyrhizobium japonicum CcmG; Rleg, Rhizobium leguminosarum CycY
(65% sequence homology to Bjap); Rcap, Rhodobacter capsulatus HelX (55%); Pden, Paracoccus denitrificans CcmG (54%); Pflu, Pseudomonas
fluorescens TipB (56%); Ecol, Escherichia coli CcmG (50%); Hinf1, Haemophilus influenzae DsbE homolog 1 (50%); Hinf2, Haemophilus
influenzae DsbE homolog 2 (51%); TlpA, Bradyrhizobium japonicum TlpA (48%); ETrx, Escherichia coli TRX (43%). Identical residues are green,
and conserved residues are red. Secondary structure elements are based on the CcmG structure. Boxes indicate regions of TRX and TlpA
that can be structurally aligned with CcmG.
Discussion good target for mutagenesis, the results of which should
reveal the importance of this feature for CcmG function.
The TRX fold has been used as a scaffold in manyThe structure of CcmG reveals important features that
are critical for its high-fidelity reducing role in the highly different proteins because it tolerates amino acid vari-
ability, additions, and insertions at a number of regionsoxidizing environment of the periplasm. These are the
insertion of 24 residues into the TRX fold and the addi- without affecting the overall fold [12]. In CcmG, residues
are grafted onto the core TRX fold at both the N terminustion of 30 residues at the N terminus, which together
form a groove near the Cys-X-X-Cys active site. Resi- and between the  motif and the connecting helix.
Both of these are known insertion points on the TRX fold.dues in the insert are conserved in CcmG homologs, and
deletion of the central insert suppresses cytochrome c A region of the TRX fold that is known to accommodate
amino acid variability is the cis-Pro loop that connectsformation. These results indicate that the groove of
CcmG is required for interaction either with DsbD, the helix C and strand 4. In TRX, this region has been
shown to be involved in substrate binding [13]. It is alsodonor of reducing equivalents to CcmG, and/or with
CcmH, the likely acceptor of reducing equivalents from likely to form part of an interaction surface in CcmG,
because Glu158, one of the conserved residues thatCcmG, which subsequently transfers them on to apocy-
tochrome c. Another unusual feature of the thioredoxin contributes to the unusually acidic active site, is located
in this loop. Stable protein scaffolds such as the TRXfold in CcmG is the acidic environment of the Cys-X-
X-Cys active site. This feature is contributed by three fold that tolerate large insertions at multiple points are
extremely useful for modelling studies and could ulti-conserved residues, Asp97 and Glu158, which are both
surface exposed, and Glu98, which is partly buried. In- mately provide the basis for the design of new proteins
with novel biochemical activities [18].terestingly, CcmG’s interaction partner, CcmH, has a
conserved Arg immediately preceding its Cys-X-X-Cys B. japonicum codes for two periplasmic TRX-like oxi-
doreductases, CcmG and TlpA, that are required foractive site [11], which could be important for interaction
with CcmG. The acidic active site in CcmG is therefore a cytochrome c and cytochrome aa3 biogenesis, respec-
Crystal Structure of CcmG/DsbE
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Figure 4. Acidic Active Site and Groove
(A) Surface representation of CcmG showing
the acidic active site (left) and the groove de-
scribed in the structure (right). “S” represents
the solvent-exposed active site cysteine. For
comparison, the equivalent views of E. coli
TRX [34] (B) and TlpA [21] (C) are shown. Elec-
trostatic surface representations were gener-
ated using GRASP [38].
tively (Figure 3) [19]. Curiously, TlpA catalyses the insulin although TlpA has a central insert at the same point in
the TRX fold as CcmG, it does not form a groove (Figurereduction assay like other TRX-like redox proteins, but
CcmG does not [10, 20]. A comparison of the CcmG 4) and so may not incorporate the required architecture
for interaction with CcmG’s partners. Second, TlpA, likeand TlpA [21] structures reveals some important fea-
tures that could explain their differing functions. First, most other TRX fold proteins, lacks the acidic active
site of CcmG (Figure 4), and this could explain their
differing effects in the insulin reduction assay. Third,
TlpA has a surface-exposed insertion (138Ile-Gly-Arg-
Ala141) in the active site cis-Pro loop and an additional
20 residues at the N terminus (Figure 3) that are probably
required for TlpA-specific protein-protein interactions.
These findings support the proposal that these two pro-
teins have different interaction partners despite their
similar insertion patterns in the TRX fold. The two struc-
tures thus allow identification of specific features that
are important determinants of redox function and pro-
Figure 5. Test of Function for CcmG Variants in Cytochrome c Bio-
tein partner interaction specificity.genesis
(A) Heme stain of periplasmic proteins (50 g). Lane 1, CcmGC83S;
Biological Implicationslane 2, CcmG; lane 3, CcmG107–129; lane 4, CcmG-H6. NapB is an
endogenous c-type cytochrome.
(B) Western blot of total protein (100 g) using a tetra-His antibody. Disulfide bond formation and reduction in the cell is
(C) Western blot of total protein (100 g) using an antiserum against controlled for the most part by TRX-like disulfide oxido-
the CcmG peptide (N104–E118) [9]. reductases. Members of this family of redox proteins
(D) Dithionite-reduced minus K3Fe(CN)6-oxidized difference spectra are generally capable of interacting with a wide rangeof periplasmic proteins: CcmG (solid gray line), CcmG-H6 (solid black
of substrate proteins. For example, TRX is localized inline) CcmGC83S (dashed gray line), and CcmG107–129 (dashed black
line). the cytoplasm and maintains many different proteins in
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pRJ3291, which contains an arabinose-inducible cycA gene encod-a reduced state. On the other hand, protein disulfide
ing cytochrome c550 [30].isomerase in the endoplasmic reticulum and DsbA in
Bacteria were grown anaerobically in minimal salts medium [31]the bacterial periplasm are oxidizing and introduce di-
supplemented with 0.4% glycerol, 40 mM sodium fumarate, and 5
sulfides indiscriminately to a plethora of secreted pro- mM sodium nitrite. Cytochrome c550 expression was induced with
teins. c-type cytochromes are protein electron transport 0.04% arabinose at midexponential growth phase. Periplasmic pro-
teins were harvested using polymyxin B sulfate, and complementa-components of respiratory and photosynthetic chains.
tion of cytochrome c formation was tested by heme staining ofMaturation of c-type cytochromes in Gram-negative
periplasmic proteins [32]. Difference spectra (dithionite-reduced mi-bacteria occurs in the oxidizing environment of the peri-
nus K3Fe(CN)6-oxidized samples) were collected on a Shimadzu UV-plasm and requires fine-tuned redox control. The prob-
3000 spectrophotometer. Whole cell lysates and immunoblot analy-
lem is that heme attachment to the apocytochrome can- sis using antibodies directed against the CcmG-internal peptide
not occur unless the heme binding cysteines are in the (N104–E118, which overlaps with the central insert) [9] and mono-
clonal tetra-His-antibodies (Qiagen) were performed as describedthiol, reduced form. However, these cysteines can be
elsewhere [33].oxidized by DsbA when the apocytochrome is secreted
into the periplasm. To exclusively revert the apocyto-
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